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A method is presented for the online measurement of methane in aquatic environments by
application of membrane inlet mass spectrometry (MIMS). For this purpose, the underwater
mass spectrometer Inspectr200-200 was applied. A simple and reliable volumetric calibration
technique, based on the mixing of two end member concentrations, was used for the analysis
of CH4 by MIMS. To minimize interferences caused by the high water vapor content,
permeating through the membrane inlet system into the vacuum section of the mass
spectrometer, a cool-trap was designed. With the application of the cool-trap, the detection
limit was lowered from 100 to 16 nmol/L CH4. This allows for measurements of methane
concentrations in surface and bottom waters of coastal areas and lakes. Furthermore, in case of
membrane rupture, the cool-trap acts as a security system, avoiding total damage of the mass
spectrometer by flushing it with water. The Inspectr200-200 was applied for studies of
methane and carbon dioxide concentrations in coastal areas of the Baltic Sea and Lake
Constance. The low detection limit and fast response time of the MIMS allowed a detailed
investigation of methane concentrations in the vicinity of gas seepages. (J Am Soc Mass
Spectrom 2008, 19, 1395–1402) © 2008 American Society for Mass SpectrometryThe analysis of methane as well as other tracegases like carbon dioxide, nitrous oxide, or di-methyl sulphide in aquatic environments is a
major objective of basic and applied research. This
includes investigations of the air–sea exchange of these
greenhouse gases as well as of the release of methane
from gassy sediments, hydrocarbon reservoirs, and
pipelines, or through dissociation of gas hydrates. Al-
though the spatial extent of such discharge sites is often
rather small, ranging from a few square meters to
several square kilometers, they are considered major
drivers for the marine methane cycle in the present and
past [1– 4].
The localization of such discharge sites as well as the
detection and quantification of trace gases in lakes or the
ocean relies essentially on water sampling (e.g., by Rosette
Water Samplers, Hydro-Bios, Kiel, Germany) and subse-
quent chemical analysis by gas chromatography (GC) or
infrared-spectrometry (IR) onboard the research vessel.
Application of GC as well as IR requires the phase transfer
of gases from the dissolved to the gaseous phase. For this
purpose, head-space techniques, vacuum-degassing, or
spray chambers are applied [5].
Head-space techniques and vacuum-degassing are
very suitable for analysis of discrete water samples but
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doi:10.1016/j.jasms.2008.07.021require considerable time for phase separation and
chemical analysis. Only the application of spray cham-
bers, pioneered by Weiss [6] and Weiss et al. [7], allows
continuous online measurements of gases like CO2,
CH4, or N2O in surface waters sampled along transects
by research vessels. Nevertheless, the time required for
equilibration and subsequent GC or IR analysis is about
several tens of minutes to hours [7]. Hence, high-
resolution investigations, in time and space, of trace
gases at natural gas seepages like pockmarks (morpho-
logical depressions at the seafloor) or hydrocarbon
leakages during surveys by research vessels are rather
difficult and time consuming.
Compared with such rather long measuring times,
application of membrane inlet mass spectrometry
(MIMS) for analysis of gases in aquatic environments
allows the quantification of a multitude of gases on a
time scale of a few seconds. Whereas in environmental
research MIMS is very successfully applied in soil
science or in studies on microbial turnover processes
(e.g. [8 –13]), it is a rather new application in marine
and limnic research. Studies by Tortell [14] of O2,
DMS or N2 concentrations in surface waters or by
Hartnett and Seitzinger [15], investigating nitrogen
concentrations in sediment cores, underlined the suit-
ability of MIMS for geochemical investigations of
marine and limnic environments.
Fast technical developments in the field of harsh
environment mass spectrometry (HEMS) allow for mea-
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research vessels or even on mobile underwater plat-
forms like autonomous underwater vehicles (AUVs) or
submersibles [16, 17]. For this purpose, specific mem-
brane inlet systems and underwater mass spectrometer
(UWMS) such as the Inspectr200-200, the THETYS, or
the NEREUS [16–23] were designed. These UWMSs can
be operated in water depths of several hundred meters.
Compared with water sampling and analysis on-
board ship, in situ gas analysis by UWMS is unaffected
by degassing of samples due to depressurization during
the ascent of the water sampler to the sea surface, as
observed at gas hydrate sites off Oregon, for example,
[24] and support chemical mapping of discharge sites
due to the fast response time of MIMS. Therefore,
application of UWMSs opens new research fields allow-
ing quantification of a wide range of gases including
carbon dioxide, methane, higher hydrocarbons, di-
methyl sulphide, nitrogen, argon, as well as volatile
organic compounds on a time scale of a few seconds.
A major objective of this study is the online analysis
of methane in aquatic systems by application of mem-
brane inlet mass spectrometry. Whereas a few studies
applied MIMS for analysis of CO2, O2, or DMS concen-
trations in marine environments, or considered relative
shifts of peak intensities indicative for CH4 concentra-
tions [14, 16, 17], the calibration of an UWMS for
measurement of methane concentration in coastal areas
and lakes is a rather new topic. For this purpose, we
applied the Inspectr200-200 (AML) underwater mass
spectrometer. Whereas our first field trials with the
UWMS in bottom waters of the eastern Baltic Sea
revealed significant variations of carbon dioxide and
oxygen concentrations with water depth, the detection
limit of the system was insufficient for detailed studies
of CH4 concentrations. Therefore, we reconsidered the
calibration scheme and minimized interferences due to
the high water vapor content within the membrane
inlet systems. For this purpose, a cool-trap system was
designed.
Applying these means, the detection limit for CH4
was lowered from 100 to less than 16 nmol/L. This
enables investigations of methane concentrations in
surface waters of coastal regions or lakes. In addition,
the cool-trap system improves some inherent difficul-
ties associated with underwater mass spectrometry, like
the high water vapor content within the membrane
section or the total damage of the system in case of a
membrane failure.
Methods
Underwater Mass Spectrometer: Inspectr200-200
The Inspectr200-200 (AML) consist of a membrane inlet
system, an Inficon (Bad Ragaz, Switzerland) Transpec-
tor CPM 200 quadrupole mass spectrometer, a Varian
(Palo Alto, USA) turbo pump, a roughing pump, a gear
pump, as well as an embedded PC and a micro-controller. An atomic mass-to-charge ratio (m/z) of 1 to
200 is covered by the Transpector CPM 200.
During operation of the Inspectr200-200, water is
pumped by the gear pump from the outside into the
pressure housing through the membrane inlet system
(MIS) where gas permeation takes place, and back into
the water column. Within the MIS, the water is in
contact with a polydimethylsiloxane (PDMS) tubular
membrane.
Through a 1/16 in. capillary, the PDMS membrane is
coupled to the high vacuum section and maintained at
a typical pressure level of less than 105 Torr with the
turbo pump. To avoid the collapse of the PDMS tube
under hydrostatic pressures of up to 20 bar (equivalent
to ca. 200 m water depths), the membrane is supported
at the inside by a stainless steel spring. Gases permeat-
ing through the PDMS membrane are detected by the
Inficon CPM 200 residual gas analyzer.
To ensure constant and reproducible physical-
chemical conditions for the gas transfer through the
membrane, the flow rate of water is controlled by the
gear pump, and the membrane inlet system includes a
heater and a thermocouple. The flow rate of water and
the temperature of the MIS is adjusted and regulated by
a micro-controller. We operated the MIS at a constant
temperature of 50 °C and applied a constant flow rate of
3 mL/min.
According to Lloyd and Scott [25], CH4, N2, O2, Ar,
and CO2 were quantified by the ion current detected at
m/z ratios of 15, 28, 32, 40, and 44, respectively. Each
1.3 s a dataset is recorded. A detailed consideration of
the Inspectr200-200 is given by Short et al. [16, 26] and
about the gas permeation within the membrane inlet
system by Bell et al. [23].
Gas Chromatography
As part of the calibration procedure of the Inspectr200-
200 and during field studies, methane concentrations of
water samples were analyzed by gas chromatography.
For this purpose, a Thermo Finnigan (Waltham, USA)
TraceGC equipped with a flame-ionization detector and
a Porapak Q column was applied. The water samples
were transferred into 22 mL head space vials and
crimped tightly. A head space of 5 mL volume was
generated by inserting argon or nitrogen gas. After at
least 5 hours of equilibration, the gas concentration in
the head space was analyzed by gas chromatography.
Based on the methane concentration in the head space
and the CH4 concentration in the aqueous phase, which
was computed by the Bunsen coefficient according to
Wiesenburg and Guinasso [5], the methane concentra-
tion in the water sample was derived.
Field Applications
During cruises with R. V. Heincke to the Mecklenburger
Bay (Baltic Sea) and R. V. Kormoran on Lake Constance
(located in the tri-nation region of Germany, Switzer-
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were analyzed. During these cruises, the Inspectr200-
200 was operated onboard ship for online analyses of
water samples gathered along transects as well as at
distinct sites of gas seepage.
For online analyses of surface waters, the mass
spectrometer was coupled to the seawater intake sys-
tem of the research vessel. On R. V. Heincke and R. V.
Kormoran, surface waters were pumped from a depth
of 3.5 and 1.5 m below sea surface, respectively. At sites
where gas seepage from the seafloor was expected, we
obtained water samples with a submersible pump (SQE2-
115, Grundfos, Bjerringbro, Denmark). The pump was
lowered by the winch of the ship to water depths of up to
80 m and operated at a flow rate of more than2300 L/h.
The delay time between sampling at depth and analysis
by the mass spectrometer is less then 3 to 6 min due to
the high pump rate.
During a cruise to the Mecklenburg Bay (W-Baltic
Sea), the Inspectr200-200 was deployed to water
depths of up to 15 m for in situ measurements of CO2,
O2, and CH4. Together with a solid-state CH4 sensor
(Franatech, Luneburg, Germany) and an optical
methane analyzer (Contros, Kiel, Germany), the In-
spectr200-200 was installed on a deployment frame
and lowered by the winch of the research vessel
(Figure 1).
Calibration of the Inspectr 200-200
Aqueous solutions containing defined gas concentra-
tions of, e.g., methane, oxygen, or carbon dioxide are
required for the calibration of membrane introduc-
tion mass spectrometers. Such solutions can be gen-
erated by purging commercially available standard
gases like 0.1 vol%, l.0 vol%, or 10 vol% CH4 through
water until the equilibrium concentration is reached.
Unfortunately, gas standards are often available in
rather coarse concentration grades. This allows de-
tailed calibration of gas chromatographs since differ-
Inspectr 200
UWMS
Franatech CH4 
Analyzer
Contros CH4 
Analyzer
tr 
t  4
 4
Figure 1. Deployment of the Inspectr200-200 underwater mass
spectrometer together with a solid-state CH analyzer and an4
optical CH4 sensor in Mecklenburg Bay (W-Baltic Sea).ent volumes of each standard gas can be injected into
the GC. In contrast, for a detailed calibration of a
MIMS, the application of such a limited number of
standards with very different concentrations seemed
suboptimal.
As an alternative, we considered a technique widely
applied for the analysis of gases in air, soils, or for
quality control issues. In such applications, different
standard gases are mixed with synthetic air or pure
nitrogen by mass flow controllers. For the preparation
of aqueous CH4 standards we applied 0.1 vol% as well
as 1 vol% CH4 standard gas (Air Liquid, Germany) and
mixed it with N2 gas in different proportions by a
Sensitron (Cornarado, Italy) CMOSens mass flow con-
troller. The concentration of each gas admixture was
carefully controlled by gas chromatography, which
revealed constant concentrations over time.
Each gas admixture was injected into a water filled
vessel (volume of 5 L) with an air diffuser to produce an
aqueous standard solution for CH4 calibration. This
standard solution was analyzed by the Inspectr200-200
and sampled by head space vials for subsequent mea-
surements by GC. Unfortunately, the GC analysis re-
vealed significant fluctuations of CH4 concentrations
over time. Although we applied different types of air
diffusers, the temporal variation of the gas concentra-
tion was still significant.
As an alternative procedure, we generated two end
member concentrations: (1) a 5 L water-filled flask
equilibrated continuously with a CH4 standard gas
(e.g., 0.1 vol%, 1 vol% or 10 vol%) and (2) a 5 L
water-filled flask freed of methane by continuously
flushing with nitrogen or air. These two solutions were
mixed in various proportions by a 12 channel peri-
staltic pump, merged by a T-piece and pumped via a
column filled with glass beads (for mixing both
solutions, carefully) into the membrane inlet system
of the Inspectr200-200.
This volumetric technique for admixture of de-
fined CH4 concentrations in aqueous solution was
controlled by head space technique and gas chroma-
tography. The GC analysis showed for each admix-
ture constant and reproducible methane concentra-
tions over periods of several hours. Based on one
standard gas (e.g., 0.1 vol% CH4), we generated up to
12 standard solutions with well-defined methane
concentration (covering a concentration range of 70 to
830 nmol/L, 50 to 9960 nmol/L, and 2120 to 125,000
nmol/L, respectively) for studies about the signal to
noise ratio, response time as well as for the calibra-
tion of the MIMS.
Furthermore, such standard solutions were transferred
to gas tight sampling bags (Calibrated Instruments, Cali
Bond, Hawthorne, USA) and used as reference solutions
during measurements with the Inspectr200-200 onboard
ship. Again, parallel to measurement with the MIMS we
sampled the water into head space vials for subsequent
analysis by GC.
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Calibration of the MIMS for Analysis of Methane
in Surface and Bottom Waters
A wide range of methane concentrations are observed
in aqueous environments. Low CH4 concentrations of
less than 4 nmol/L have been reported for surface
waters of the open ocean, whereas CH4 concentrations
of more than 1000 nmol/L have been reported for
coastal regions or estuaries (e.g., [27, 28]).
Although mass spectrometry is able to cover such a
wide range of concentrations, the detection limit we
obtained during the calibration of the Inspectr200-200
exceeded 100 nmol/L CH4. Even for methane-free so-
lutions, peak intensities of more then 2.3 10–10 ampere
were observed at m/z 15. Tuning of settings like the
ionization voltage, the gain or the pump rate and
temperature of the membrane inlet system revealed
insignificant reductions in the intensity detected at m/z
15 during analyses of methane-free solutions. The high
background intensities seemed to be caused by the high
water vapor content (detected at m/z 18), permeating
through the PDMS membrane and affecting the inten-
sities recorded at m/z 15.
To reduce such interferences, we dismounted the
membrane inlet system from the mass spectrometer
unit, inserted a 1/16 in. stainless steel capillary into this
part of the vacuum section and cooled the capillary
down to a temperature of 90 to 80 °C by liquid
ethanol. The ethanol was cooled down to this temper-
ature by liquid nitrogen or a cooler (Lauda, RP890,
Lauda-Königshofen, Germany).
This temperature is sufficient to strip the water
vapor from the gas stream within the vacuum section at
pressures of less than 105 Torr. As a consequence, the
total ion current, the signal to noise ratio as well as the
intensities detected at m/z 15 for methane free water
samples were reduced significantly (Figure 2).
Comparing the calibration curves determined with-
out and by application of the cool-trap (Figure 3) reveal
similar regression coefficients and slopes, whereas a
considerably lower intercept is observed when the
cool-trap is applied. The application of the cool-trap
allowed the calibration of the system for low CH4
concentrations (Figure 3a). Based on the calibration
curve and replicate measurements of methane free
solutions, a detection limit of 16 nmol/L CH4 was
derived. By implementing the cool-trap, the detection
limit was therefore improved by a factor of five.
Besides the calibration procedure based on the volu-
metric mixture of well defined standard solutions, we
analyzed the CH4 concentrations of water samples,
parallel to the Inspectr200-200 measurements, through
head-space technique and gas-chromatography. Results
of this cross-validation are shown in Figure 4. A close
correlation between results obtained by these two inde-
pendent techniques is observed.Furthermore, the cool-trap provides a kind of secu-
rity system in case of a potential rupture of the PDMS
membrane, which would cause the complete flushing of
the system with water and the total damage of the
UWMS. In such an accident, the seawater flowing
through the 1/16 in. capillary is instantaneously frozen
within the cool-trap. This provides us with sufficient
time to switch off a high vacuum solenoid valve and to
block the vacuum section of the mass spectrometer
against the inflow of water.
In Situ Measurements of CO2, O2, and CH4 in the
Baltic Sea
During a cruise with R. V. Heincke (HE260) to the Baltic
Sea, the Inspectr200-200 was applied for in situ analyses
of CO2, O2, and CH4 in bottom waters of the coastal
region off the Mecklenburg Bay (W-Baltic Sea, water
depth 20 m). For this region, enhanced CH4 concen-
trations in the water column were expected [29].
During the deployment of the Inspectr200-200, the
analyzer was lowered to water depths of 5 and 15 m,
Figure 2. Implementation of the cool-trap (operated at 90 to
80 °C) caused a significant reduction of (a) the water vapor
content, permeating through the PDMS tubular membrane. By
this means (b), the total pressure within the mass spectrometer as
well as the signal to noise ratio at e.g., m/z 15 was considerably
reduced.respectively (Figure 5).) At each depth, the UWMS was
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research vessel was drifting over possible discharge
Figure 3. Calibration curves were derived by the MIMS (coupled
with the cool-trap system) for (a) low, (b) medium, and (c) high
methane concentrations. Based on the calibration curves and
replicate measurements of methane free solutions, a detection
limit of 16 nmol/L was computed. Besides the regression line, the
95% confidence intervals are also shown.sites. These in situ measurements were applied beforethe design of the cool-trap, when the detection limit for
CH4 was100 nmol/L. Neither the Inspectr200-200, the
solid-state CH4 analyzer, nor the optical CH4 sensor
(Figure 1) detected any methane concentrations. This
suggests that the methane concentrations in the bottom
water are below the detection limit of each of these
analyzers.
In contrast to the CH4 signal, significant differences
in the carbon dioxide and oxygen content were ob-
served for different water depths (Figure 5). Comparing
the CO2 intensities measured in the air (onboard ship)
with those observed in a water depth of 5 or 15 m
reveals significant differences. The inverse relationship
between the CO2 and O2 content with depths under-
lines the importance of the microbial degradation of
organic matter for carbon dioxide enrichment in bottom
waters.
Figure 4. Comparison of CH4 concentrations of water samples
analyzed by MIMS and gas chromatography during field studies
on Lake Constance.
Figure 5. During a deployment of the Inspectr200-200, the con-
tent of O , CO , and CH were analyzed in 15 and 5 m water2 2 4
depth, respectively.
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CO2 for Surface and Bottom Waters of
Lake Constance
In Lake Constance, the release of gas bubbles and gas
flares emanating from the seafloor at pockmarks were
observed during surveys with acoustic techniques such
as echosounder and side scan sonar (M. Wessel, Insti-
tute for Limnic Research Langenargen, Germany).
Whereas emanating gas flares can be easily visualized
by acoustic techniques, chemical analysis is required for
the quantification of gas concentrations. Due to the
considerable spatial heterogeneity of the concentration
field around discharge sites, the approach to obtain
discrete water samples by Rosette Sampler or to apply
spray chambers for shipboard analysis by GC is rather
time-consuming and laborious.
During several cruises by the R. V. Kormoran we
conducted online gas analysis for surface and bottom
waters of Lake Constance by the Inspectr200-200. Dur-
ing these cruises, the Inspectr200-200 was combined
with the cool-trap system and applied on board ship.
For continuous online analyses, water samples were
obtained by the surface water pump of the ship (the
suction point is located 1.5 m below the water line). At
pockmark sites, the submersible pump was applied to
obtain continuously samples from water depths of e.g.,
70 m while the ship was slowly crossing the pockmark
site from different directions.
Methane concentrations measured in surface waters
along transects from the harbor Langenargen to the
pockmark site PM80 (located in 80 m water depth) and
PM13 are shown in Figure 6. For surface waters of the
pockmark site CH4 concentrations exceeding 500
nmol/L were observed. Furthermore, considerable hor-
izontal variabilities are obvious at this site. Within short
Figure 6. Methane concentrations in surface waters along the
transect from the harbor to two pockmarks sites located in 80 and
13 m water depth, respectively. The data are unfiltered raw data.
The arrows indicate the time when the sampling started in the
harbor or at pockmarks. Before sampling at a new location,
methane-free water was pumped over the membrane inlet for
detection of the background intensity.distance CH4 concentrations in surface water vary be-
tween 50 and 600 nmol/L (Figure 6, e.g., in the transi-
tion to PM13).
At the pockmark site PM80, where intense seepage
of gas was observed by acoustic techniques, surface
water samples were obtained by the intake system of
the ship and from a water depth of 70 m by the
submersible pump (Figure 7). During the continuous
water sampling, the vessel was slowly drifting across
the pockmark from different directions. In total an area
of 90  90 m was covered during this survey. Further-
more, discrete bottom water samples were gathered by
a Rosette Sampler within the centre of the pockmark.
For water depths of 70 m, high CH4 concentrations of
more than 800 and 1100 nmol/L were measured (Figure
7, time spans B). Nevertheless, strong increases as well
as decreases of methane concentrations were observed
for a water depth of 70 m while the vessel was slowly
crossing the pockmark. We assume that these small
scale lateral variations are related to the occurrence of
gas bubble streams released from the seafloor. Such gas
bubble streams ascending to the sea surface were ob-
served by visual inspection from ship as well as by
scuba divers.
In addition to the continuous measurements, a water
sample from a depth of 70 m was gathered by the
Rosette Sampler and analyzed by the Inspectr200-200.
Although the CH4 concentration of this bottom water
sample revealed enhanced methane concentrations if
compared to surface waters, the concentration is con-
siderably lower than those obtained during the contin-
uous measurements (Figure 7, time span B and C).
Similar results were obtained at other discharge sites
where methane concentrations of water samples ob-
Figure 7. Methane measurements at the pockmark site PM80.
Surface waters (a), samples derived by the submersible pump
from a water depth of 70 m (b), as well as samples obtained by the
Rosette Water Sampler from depth of 70 m (c) were analyzed by
the Inspectr200-200. The time spans samples were obtained from
each water depth are indicated by the stipulated lines.tained by the Rosette Sampler were always lower than
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We consider this as a result of the probabilistic ap-
proach linked to the discrete sampling by, e.g., Rosette
Sampler, compared with the continuous sampling and
analysis by MIMS. To cope with this, a considerable
number of deployments of a water sampler, even
within the rather small discharge site of 90  90 m, are
required to obtain samples of more than 600 nmol/L
CH4.
Conclusions
Investigations about the spatial distribution of trace
gases in the water column are major topics for basic
and applied research. This includes studies on bio-
geochemical cycles as well as applied research con-
sidering gas hydrates, CO2 sequestration or environ-
mental monitoring of pipelines and production
platforms. For several of these objectives online and
in situ analysis (operating in water depths of several
hundred meters) provides considerable improve-
ments compared to analysis of discrete water samples
transferred from depth to the research vessel for
chemical analysis.
This is an important issue when distinct discharge
locations are investigated where gases like methane are
released from the seafloor. The short time required for
gas analysis by MIMS combined with submersible
pumps for continuous sample acquisition or the de-
ployment of an underwater mass spectrometer allows
detailed investigations of the concentration field
around natural seeps or pipelines, for example.
Whereas the spatial pattern of the concentration field
might be derived from peak intensities detected at
selected mass-charge-ratios, a careful calibration is re-
quired for considerations of CH4 concentration and
calculation of geochemical budgets. Especially for sea
going cruises onboard small and medium sized re-
search vessel, a calibration scheme is beneficial that
does not require a complex apparatus. The simple
volumetric admixture of two well-defined end member
concentrations by a peristaltic pump is considered to be
an inexpensive and accurate mode for calibration of
MIMS.
Related to the specific objectives of basic or applied
studies, the application of a cool-trap or the use mem-
branes that are selective for specific compounds might
be recommended. In case of investigations of methane
discharge, the design of the cool-trap reduced interfer-
ences caused by water vapor content considerably, and
improved the detection limit of the MIMS by a factor of
five. Therefore, upcoming technical developments in
the field of underwater mass spectrometry such as
miniaturization of mass spectrometers or vacuum
pumps might also consider the use of different types
of membrane and separation techniques.Acknowledgments
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